Inteins are self-splicing parasitic genetic elements found in all domains of life. These genetic elements are found in highly conserved positions in conserved proteins. One protein family that has been invaded by inteins is the vacuolar and archaeal catalytic ATPase subunits (vma-1). There are two intein insertion sites in this protein, "a" and "b." The b site was previously thought to be only invaded in archaeal lineages. Here we survey the distribution and evolutionary histories of the b site inteins and show that the intein is present in more lineages than previously annotated, including a bacterial lineage, Mahella australiensis 50-1 BON. We present evidence, through ancestral character state reconstruction and substitution ratios between host genes and inteins, for several transfers of this intein between divergent species, including an interdomain transfer between the archaea and bacteria. Although inteins may persist within a single population or species for long periods of time, transfer of the vma-1b intein between divergent species contributed to the distribution of this intein.
Introduction
Inteins are self-splicing, parasitic, mobile genetic elements that splice out of their flanking proteins sequence (extein) after translation via an autocatalytic mechanism (Perler et al. 1994; Cooper and Stevens 1995) . Inteins can be divided into two different groups based on their size-large and mini inteinswhich are differentiated based on the presence or absence of a homing endonuclease (HE) domain (Liu 2000; Elleuche and Poggeler 2010) . The large inteins contain a HE domain, an enzyme with endonuclease activity that has a 14-40 bp recognition site (Chevalier and Stoddard 2001) , and N-and C-terminal splicing domains (Pietrokovski 1998 ). This HE domain provides mobility to the intein and the ability to move into new inteinless target sites through a process called homing (Chevalier and Stoddard 2001; Gogarten and Hilario 2006) . Transfer of the intein to hosts that contain an inteinless target site is necessary for the HE to remain under purifying selection (Goddard and Burt 1999) . The transfer of the HE-containing inteins can occur either within or between species (Koufopanou et al. 2002; Okuda et al. 2003; Gogarten and Hilario 2006; Yahara et al. 2009; Barzel et al. 2011; Clerissi et al. 2013; Macgregor et al. 2013) . The mini intein is simply composed of the N and C-terminal splicing domains with a linker region between them.
Inteins are found in all three domains of life and in viruses and tend to be present in conserved regions of proteins (exteins) with high sequence similarity (Swithers et al. 2009 ). Targeting conserved sites in conserved proteins is advantageous for two reasons. First, it provides selective pressure on the splicing domains, which ensures the intein is spliced out exactly to maintain a functional extein. Mutations to the splicing domains of the intein will result in improper splicing, resulting in a nonfunctional extein that could be detrimental to the cell. Second, targeting the most conserved regions of the most conserved genes will facilitate transfer to inteinless alleles across species or even domain boundaries.
One such conserved protein family invaded by inteins is the vacuolar and archaeal catalytic ATPase subunits (vma-1) (Hirata et al. 1990; Kane et al. 1990; Senejani et al. 2001) . The vacuolar, archaeal, and bacterial ATPases (or ATP synthases) are a family of multisubunit proteins that are present in all three domains of life and share a common ancestor (Zimniak et al. 1988; Gogarten et al. 1989) . The eukaryotic version, called the vacuolar ATPase (V-type), is involved in the intravesicular acidification of the endomembrane system (vacuoles, lysosome, endosomes, and trans Golgi network), and it is also found in the plasma membrane of specialized cells of transport epithelia (Harvey and Nelson 1992) . The archaeal (A-type) and bacterial (F-type) counterparts are used for ATP generation and/or ion transport. Several cases of horizontal gene transfer of the A-type ATPase to bacteria have been documented (Hilario and Gogarten 1993; Lapierre et al. 2006; Lapierre 2007) .
Two distinct sites in this family of ATPases have been invaded by inteins; the "a" site in the vacuolar ATPases in yeasts and the "b" site in the archaea. These two insertion sites have been shown to be in the most conserved parts of the protein (Swithers et al. 2009 ). The intein in the a site was frequently transferred between different yeast species (Koufopanou et al. 2002; Okuda et al. 2003) . The intein in the b site has a wide phylogenetic distribution among archaea. To date, the intein database (InBase) annotates seven vma-1b inteins in the Thermoplasma and Pyrococcus (Perler 2002) genera. Here we report on additional vma-1b inteins, show that they are found in more diverse species, and discuss their evolutionary histories.
Results

Distribution of vma-1b Inteins
Databases at the National Center for Biotechnology Information (NCBI) were surveyed for vma-1 exteins and inteins that reside in the b insertion position (vma-1b) . To date, we identified 15 vma-1b inteins within complete flanking extein sequences present in these databases (table 1) . Thirteen are found within the Euryarchaeota, one is present in Clostridia and another is found in a deep-sea hypersaline metagenomic sequencing project. Additionally, we identified two inteins in contigs from a marine metagenome (gi:129952466) and a hot spring metagenome (gi:290482983) that only encode partial extein sequences. These partial sequences did not contain sufficient information for phylogenetic placement of the host organisms. The multiple sequence alignment shows the vma-1b intein family is composed of both mini inteins and larger inteins with HE domains (see supplementary data, Supplementary Material online, alignment of intein sequences). The larger inteins all have the LAGLIDADG HE domain, suggesting these may be active HEs. However, additional experimental evidence is required to verify their activity. Compared with the currently annotated inteins in InBase, we report 10 additional inteins at this insertion site in three new classes of prokaryotes.
Breakpoints within the Extein/Intein Alignment
The genetic algorithm for recombination detection (GARD) determined breakpoints in the extein/intein alignment. This algorithm analyzes fragments of the overall alignment and compares the goodness of fit of phylogenies from these smaller alignments under a maximum likelihood (ML) framework using the corrected Akaike information criterion. Significant breakpoints were identified three amino acids before the insertion site (position 245 P < 0.01) and at three amino acids before the end of the intein (position 891 P < 0.01) (supplementary fig. S1 , Supplementary Material online). The fact that the GARD algorithm detects breakpoints three amino acids upstream of the insertion site might be due to the conserved, phylogenetically uninformative nature of the splice site. The last three amino acids at the carboxy terminal end of the intein are conserved in all the inteins included in this study. This level of conservation is more typical for the extein than for the intein sequences (see histograms for conservation in supplementary fig S8, Supplementary Material online) . Regardless of the slight misplacement of the breakpoint, the GARD analysis does suggest that extein and intein have different evolutionary histories, which is also corroborated by the intein and extein trees ( fig. 1 ).
Archaeal-Type ATPase Distribution
A survey of the bacterial domain reveals that all major clades of bacteria have representatives containing an archaeal-type ATPase (uninvaded extein sequence). A phylogenetic analysis of the extein protein using representatives from all clades shows three bacterial clusters interspersed within the archaea (supplementary fig. S2 , Supplementary Material online). The phylogeny of the archaeal exteins is in good agreement with the ribosomal protein phylogeny (see later). Thus, the finding that the bacteria are interspersed within the archaea suggests that the three distinct bacterial groups (supplementary fig. S2 , Supplementary Material online) represent independent gene transfer events from archaea to bacteria.
Archaeal Extein and Ribosome Trees
Overall, the extein and ribosomal protein reference phylogeny display a high degree of topological similarity, particularly at the ordinal level. Many clades show identical branching orders, such as the Methanosarcinales, Methanococcales, and Methanobacteriales (supplementary fig. S4 , Supplementary Material online). Deeper phylogenetic relationships were also similar, including the sister relationship between the Archaeoglobi and a Halobacteria-Methanomicrobia clade. Less resolved positions on the tree tended to stem from taxa on long branches, prone to artifact, such as Micrarchaeum and Nitrosopumilis in the ribosomal phylogeny.
The reduced extein and ribosomal protein trees were congruent (supplementary fig. S5 , Supplementary Material online) with the exception of the "misplacement" of Candidatus Nanosalinarum sp. in the ribosome phylogeny due to Long Branch Attraction (LBA). Both ShimodairaHasegawa (SH) and approximately unbiased (AU) tests indicated that the extein and ribosomal topologies were not significantly different from each other (P = 0.28 and 0.73 for AU and SH tests, respectively). This suggests that the archaeal exteins follow ribosomal evolution (considered to be vertical evolution) and have not been transferred between divergent archaeal lineages. This finding also implies that transfers of the intein occurred independently of any extein transfers.
Ancestral Character State Reconstruction.
Maximum parsimony and ML ancestral state reconstructions (ASRs) were performed using the phyletic patterning of the intein relative to its host gene across the prokaryotes ( fig. 2 ). There was only one most parsimonious reconstruction with nine steps given the data set, which is validated by the MLASR analysis. The reconstructions suggest seven independent gains and two losses of the intein. According to the parsimony and the ML reconstruction, the Thetis sea sequence (probability from MLASR P = 100%), the ancestor of the four Pyrococcus spp. (P = 99%), Thermococcus litoralis (P = 100%), M. australiensis (P = 100%), Candidatus Nanosalarium (P = 100%), M. fervidus (P = 100%), and the ancestor of the Thermoplasma/Ferroplasma/Picrophilus/Thermoplasmatales clade (P = 70%) all independently gained the intein. See the Discussion for consideration of the overestimation of intein absence in the species represented by the leaves of the cladogram in figure 2.
Multiple Horizontal Gene Transfers of the vma-1b Intein
Phylogenetic reconstructions were performed for the extein and intein splicing domains. These trees are incongruent with each other by both the AU and SH tests (P 0.01). This significant incongruence is due to a well-supported transfer of the intein from within the Pyrococcus spp. to T. litorialis ( fig. 1) (Novichkov et al. 2004 ) and higher than expected sequence similarity (e.g., Podell and Gaasterland 2007) are frequently used to infer horizontal gene transfer (HGT) events. Immediately after an intein has been transferred between two species, the intein sequences are identical between donor and recipient and more conserved than the extein. This unexpected high sequence similarity of two inteins is an indcation of transfer of an intein (Liu et al. 1997) . Moreover, the extein and intein evolve under very different selection pressures. Although the ATPase catalytic subunit belongs to one of the most conserved protein families (Gogarten 1994; Swithers et al. 2009 ), the inteins evolve much faster making sequence-based phylogenetic reconstruction difficult (Perler et al. 1997; Gogarten et al. 2002) . This is reflected in the conservation profiles of the extein and intein (supplementary fig. S7, Supplementary Material online) . The intein has a significantly higher average sequence variation score than the extein, 3.42 and 2.85, respectively (P < 0.01, t test). The higher score also indicates a higher substitution rate, because it represents the number of different amino acids in a sliding window. Among site rate variation for the extein sequences is more extreme than for the intein sequences, that is, the exteins contain many sites under strong purifying selection (supplementary fig. S8 , Supplementary Material online). To assess the divergence rate of the inteins relative to extein sequences, we used the well-aligned splicing domains of the intein, omitting the less conserved linker and HE domains (see Alignments, supplementary data, Supplementary Material online). The phylogenetic reconstructions of the extein and intein data sets are the same for the Thermoplasma genus and the Thermoplasmatales I-plasma archaeon, suggesting that in this group (in the following designated as Thermoplasma group) the extein and intein were inherited together. The inteins in these sequences (table 1) also have lost their HE domain, which suggests they are no longer mobile and further strengthens the notion that the intein was inherited together with the extein for this clade. Therefore, the pairwise ratios of the substitution rates of extein to intein in this clade should represent ratios expected under coinheritance of extein and intein. Ratios significantly greater than these (i.e., the intein is less divergent than expected) likely indicate horizontal transfer of the intein relative to the extein (see table 2 for ratios). The chosen cutoff level of 0.7 corresponds to a significance level of P < 0.002 given the rate ratios within the Thermoplasma group. To assess false-positive rates obtained using this ratio approach, we simulated sequence evolution along the extein tree using the parameters estimated for the intein and extein sequences. Using the rate ratio of 0.31, corresponding to the ratio of the lengths of intein and extein subtree in the Thermoplasma group, the rate of false positives was smaller than 0.000005. Incorporating uncertainty of the extein/intein ratio into the simulation, the false-positive rate increases to 0.0025, corresponding to an expectation of 0.5 false identifications of transfer in table 2.
The most parsimonious explanation for the ratios is mapped on the extein phylogeny in figure 3. Although these values cannot resolve direction of transfer they do show the vma-1b inteins are mobile genetic elements that have undergone several transfers throughout the evolution of the gene family encoding the archaeal ATPase catalytic subunit, including several transfers between divergent organisms.
Discussion
Compared with the currently annotated sequences in InBase, we have identified 10 additional inteins belonging to the vma-1b family of inteins. Three of which are in new taxonomic classes that were not previously described, the Methanobacteria, Nanohaloarchaea, and Clostridia. This is the first time the vma-1b intein is found in a bacterial lineage.
Similar to the PRP8 inteins (Bokor et al. 2012) , the vma-1b family of inteins is composed of mini inteins and inteins with HE domains. These likely represent inteins in different states of the homing or life cycle. In the homing cycle, an exogenous intein with a HE comes in contact with a population that does not contain an intein and spreads through the population through super-Mendelian rates of inheritance (Goddard and Burt 1999; Gogarten et al. 2002; Gogarten and Hilario 2006) . Once all target sites in a population are occupied by inteins containing HEs, there is reduced selection on the HE and it starts to degrade over time, followed by loss of the intein. The mini inteins of the Thermoplasmatales order may be representatives of the later part of the homing cycle, indicating a more ancient invasion of the vma-1b site in this clade. Even in cases where the homing cycle does not go to complete fixation in the intein-containing allele, the individual intein insertion sites progress through the same life history from empty target site, occupation by an intein with functioning HE, and then eventual decay of the HE activity (Yahara et al. 2009; Barzel et al. 2011 ).
The evolutionary history of the vacuolar, archaeal, and bacterial ATPase catalytic subunit is characterized by several gene transfer events, including transfers between the archaeal and the bacterial domain. Because of the sequence conservation of the catalytic ATPase subunit and that ATPase phylogeny can be rooted by an ancient gene duplication event (Gogarten et al. 1989 ), these transfer events have been well established (Hilario and Gogarten 1993; Olendzenski et al. 2000; Lapierre et al. 2006; Lapierre 2007) .
Although there were multiple transfers of the host gene, all of our analyses were preformed relative to the host gene in order to distinguish the intein transfers from the transfers of the extein. Breakpoint analyses, consideration of pairwise substitution rates, and ancestral character state reconstructions all suggest that the inteins repeatedly invaded the vma-1 host gene in independent transfer events. In particular, these phylogenetic methods suggest that the intein in M. australiensis was gained independently from the between domain transfer of the host A-ATPase operon. The alternate explanation that the intein was gained only once in the ancestor of the vma-1 protein family and that the extant presence/absence pattern is a result of vertical descent and loss of the intein is incompatible with the evidence listed earlier. In addition, under the loss-only scenario, there would have to be a minimum of 28 steps to explain the patterning, 1 gain and 27 losses, as opposed to only nine steps to explain the intein distribution through independent gains and losses of the intein. The scenario with the minimum number of events is depicted in figure 2 . It involves seven intein gains and two losses. Study of inteins and HEs in natural populations as well as theoretical considerations suggest that alleles with and without inteins can coexist in populations for long periods of time (Butler et al. 2006; Gogarten and Hilario 2006; Yahara et al. 2009; Barzel et al. 2011) . Given that the sequences used in this study only represent one member of a larger population, assigning a species branch a character state of intein absence ignores the possibility that other members of the species might contain the intein. Thus, only taking ASR into consideration, one needs to entertain the possibility that the loss events inferred for branches represent only absence in the particular sampled genome and not absence in the population or species. Likewise, the inference that the ancestor of the Pyrococcus and Thermococcus genera did not harbor the intein is not strongly supported through the parsimony reconstruction. The most parsimonious scenario depicted in figure 2 corresponds to two gains; the presence of the intein in the Pyrococcus-Thermococcus ancestor corresponds to three loss events within the Pyrococcus and Thermococcus group. Given that intein absence possibly is overestimated, three apparent loss events versus two gains do not provide a strong argument for intein gain in T. litoralis. However, the gain of the intein in T. litoralis is also supported by the phylogeny of the intein-splicing domain, which groups T. litoralis inside the cluster of homologs from the Pyrococcus species, supporting the hypothesis that the intein in T. litoralis was recently acquired from a Pyrococcus species. The general lossonly scenario is incompatible with a comparison of intein and extein phylogenies. If the phyletic pattern could be explained with one gain and subsequent losses, the data sets of the host extein phylogenetic tree and the intein tree should be compatible. However, the AU and SH tests and the GARD analysis all confirm these trees are incompatible.
The GARD algorithm identifies breakpoints three amino acids upstream of the extein intein junctures. This slight deviation from the true intein extein boundary likely reflects a limitation of the approach due to the insertion site and the last three amino acids of the intein being highly conserved. Consequently, little phylogenetic information is contained in the amino acids directly neighboring the intein/extein boundary. However, alternative or additional explanations are possible: the positions in the extein upstream of the intein participate in catalyzing the splicing reaction (Paulus 2000; Saleh and Perler 2006), thus it is not surprising that they have a signature similar to the intein's splicing domain; during homing, the sequence surrounding the target site is also copied from the invading template containing the intein (Chevalier and Stoddard 2001) . The incongruence between the extein and intein trees in conjunction with the extein to intein divergence ratio data and the ASR data all suggest that the inteins in the vma-1b position were horizontally acquired several times. The phylogenetic incongruence between the extein and intein tree provides strong support for the horizontal transfer of the T. litoralis intein from within the Pyrococcus spp. The extein to intein divergence ratios suggest several additional transfers between Pyrococcus horikoshii and P. furious; T. litorialis and P. horikoshii; T. litorialis and P. furious. The most likely scenario to explain these findings would be a within-group transfer between the two Pyrococcus spp. followed by a transfer to T. litorialis. The phylogenetic incompatibility and the extein and intein substitution rate ratios taken together are a strong support for a transfer from a Pyrococcus sp. to T. litorialis. This is the first report of the vma-1b intein found in a bacterial lineage. Although the region where M. australiensis falls on the intein tree is not well resolved, the extein to intein ratios suggest several transfers of the intein between the Candidatus Nanosalinarium and Thetis sea lineages, the Methanothermus and Mahella lineages, the Methanothermus and Ferroplasma/Picrophilus clade, and the Mahella and Ferroplasma/Picrophilus clade. The phylogenetic distribution   FIG. 3 . Pairwise substitution rate ratios mapped onto the extein tree. Lines connect taxa with extein to intein substitution ratios greater than 0.7. Although direction of intein movement cannot be determined using these ratios, the ratios reveal several putative transfers of the vma-1b intein.
relative to its host gene and the ratio data of the vma-1b intein taken together suggest an interdomain transfer between M. australiensis and the archaea. However, we cannot conclude that the intein was directly transferred between specific lineages; it is possible that both lineages recently received the intein from a third, currently unsampled lineage.
Conclusions
Here we surveyed the distribution of the vma-1b intein and showed that this family of inteins is found in more diverse species than previously reported. These inteins were transferred between divergent organisms in several independent horizontal transfer events, including an HGT from within the Pyrococci to T. litorialis, a likely transfer to Candidatus Nanosalinarum and a transfer across the domain boundaries between the archaea and bacteria. Although an intein may persist within a lineage for a long time without transfer between species (Butler et al. 2006; Gogarten and Hilario 2006; Yahara et al. 2009; Barzel et al. 2011) , our data convincingly show that transfer of the intein between divergent species did occur and contributed to the observed modern day distribution of this intein.
Materials and Methods
Sequences
For the large archaeal type, ATPase tree sequences were gathered from the NCBI's nonredundant database. Sequences for the smaller 15 sequence data sets were gathered from either the NCBI nonredundant, whole genome shotgun, or metagenome databases. The metagenomics-rapid annotations using subsystems technology (MG-RAST) database was also surveyed for additional inteins but did not reveal any. All databases were queried in February 2012. The A-ATPases sequence from the Thetis sea metagenome (Ferrer et al. 2012) was translated from contig 00086 (gi:3548555569) after correction of frame shifts.
Phylogenetic Trees
For most data sets (except the ribosomal reference), sequences were aligned with SATe 2.03 (Liu et al. 2009 ) using the following options: MAFFT for the initial alignment, MUSCLE for the merger, RAxML with a gamma plus invariant sites LG substitution model (PROTGAMMAILGF) for tree estimation. Intein splicing domain and extein sequences were also aligned using MUSCLE (Edgar 2004) and PRANK (Loytynoja and Goldman 2010) . ML phylogenies calculated from these alignments (WAG Gamma + F + I) for the exteins were identical to the one given in figure 1. For both the muscle and the PRANK alignments, the T. litoralis intein sequence grouped as sister to P. horikoshii within the clade formed by the Pyrococcus homologs. For both alignments, the grouping of the T. litoralis intein with P. furiosus and P. horikoshii inside the Pyrococcus clade was supported by a bootstrap support value of 96%. In the intein ML phylogeny calculated from the PRANK alignment, the Ferroplasma and Picrophilus inteins group with the Thermoplasma homologs but without significant support (52%). The phylogenetic trees were reconstructed using PhyML v3.0, with the best parameters determined by ProtTest3 ML phylogenies, approximate likelihood ratio test (aLRT), and bootstrap support values were determined using PhyML v3.0. under the WAG + G + F + I model. Posterior probabilities were calculated in MrBayes v3.1.2 (Ronquist and Huelsenbeck 2003; Huelsenbeck and Ronquist 2001) using the WAG + G + F + I substitution model (Whelan and Goldman 2001) and two runs. After 70,000 generations, the standard deviation of split frequencies were 0.004317 and 0.008746 for the extein and intein data sets, respectively (small standard deviation of split frequencies indicate adequate convergence of the two runs, the MrBayes tutorial recommends smaller than 0.01 as stop criterion). After inspection of the likelihood trace, the first 700 and 450 generations were discarded as burnins (beginning phase of the tree search that has not reached stationarity) for the extein and intein data sets, respectively.
Archaeal Ribosomal Phylogeny
We generated an archaeal ribosomal reference tree from a concatenated alignment of 62 ribosomal proteins (supplementary multiple sequence alignments) extracted from genomes downloaded from the NCBI ftp site. The ribosome tree included all archaeal taxa from the extein data set, except those that did not have genome representation, such as Thetis Sea contig from a metagenome project (Ferrer et al. 2012) . This led to a total of 81 archaea. The number of taxa in each alignment ranged from 19 to 81 (see supplementary table 1, Supplementary Material online, for the complete taxon set). BLASTP (Altschul et al. 1997 ) searches with reference sets of bacterial and archaeal ribosomal proteins against each archaeal genome and an e value cutoff of 1E-10 identified homologs. In most cases, each sequence from a reference set returned the same best Basic Local Alignment Search Tool (BLAST) hit from a genome; interpreted as a strong evidence of homology. We also accepted instances where the majority of reference sequences returned the same best BLAST hit as evidence of homology (such as ratios of 80:1, where 80 references sequences returned the same best BLAST hit and only one differed). Muscle (Edgar 2004 ) aligned each protein set and Trimal v.1.2 (Capella-Gutierrez et al. 2009) with the "automated1" option trimmed ambiguous regions from all alignments, which were concatenated into a supermatrix with an in-house Python script. PhyML generated a ML phylogeny with 100 bootstrap replicates under the same parameters as those used to generate the extein genealogy.
Reduced Taxa Genealogies
We generated an extein genealogy and corresponding ribosomal phylogeny exclusively for organisms that contained inteins involved in HGT to highlight the correspondence between gene and reference tree. PhyML constructed ML trees under the same parameters as those employed for the full archaeal trees with 100 bootstrap replicates. PhyloBayes v.3.3e (Lartillot et al. 2009 ) performed Bayesian analyses under the CAT mixture model (Lartillot and Philippe 2004 ) with global exchange rates estimated by WAG and two chains for each analysis. The bpcomp option estimated the convergence of the two chains from the maximum difference of the bipartition frequencies. A total of 72,787 and 14,650 cycles were run for the reduced extein and ribosomal trees, respectively. The maximum bipartition frequency difference for the extein genealogy was 0.02 and 0.06 for the ribosomal phylogeny. We employed the CAT model for its efficacy in reducing or eliminating the effects of long-branch attraction. Three taxa were susceptible to LBA artifacts in the ribosomal tree due to amino acid composition and incomplete ribosomal data sets from incomplete genomes-Micrarchaeum acidiphilium, Nanosalinarum sp., and Nanosalina sp. The bacterial sequence from M. australiensis (which served as an outgroup) attracted Nanosalinarum to the base of the archaea in the reduced ribosomal phylogeny and even the CAT model failed to overcome this LBA artifact.
Topology Tests 
Breakpoint Analysis
The GARD (Kosakovsky Pond et al. 2006) as implemented on the Datamonkey web server (Delport et al. 2010 ) was used to determine potential points of recombination in the fifteen vma-1 proteins that harbor inteins. Sequences were aligned using SATé 2.1 (Liu et al. 2012) , and sequences for the HEs were deleted prior to the analysis.
Substitution Rate Ratios
Pairwise ML distances were calculated for each extein and each intein protein splicing domain alignment using TREE-PUZZLE 5.2 (Schmidt et al. 2002) , using the WAG + F + I model for substitution and a Gamma distribution approximated through four discrete rate categories, such that the model was the same for all other phylogenic reconstructions. The extein and the intein splicing domain were extracted from the SATe alignment (see earlier). The estimated alpha shape parameter for the intein splicing domains was 3.01 (Standard Error [SE], 0.11), whereas the extein sequences showed a stronger among site rate variation (ASRV) with an estimated alpha of 1.37 (SE, 0.04). To estimate the substitution rate ratio between extein and intein sequences under vertical inheritance, we used the distances estimated with TreePuzzle between Thermoplasma acidophilum DSM 122-1B2, Thermop. volcanium GSS1, and the Thermoplasmatales archaeon I-plasma (see table 1 and the spreadsheet in supplementary material S1, Supplementary Material online). The inteins in these Thermoplasmatales do not contain a HE domain, indicating they are no longer mobile and were likely inherited together with the extein (see fig. 1 ). To obtain a phylogenetically independent estimate of the rate ratio, trees were calculated from the intein and extein distances within the Thermoplama using FITCH from the PHYLIP package (Felsenstein 2011) , and rate ratios were calculated from the branch lengths. Ratios that were significantly larger than the within Thermoplasma ratios (mean ratio, 0.30; standard error of the mean [SEM], 0.13), which represent coinheritance of intein and extein, suggest that the inteins are more similar to each other than under the assumption of coinheritance with the exteins, indicating an intein transfer relative to the extein. Although direction of the intein transfer cannot be determined using these ratios, recent transfers can be detected. Values greater than 0.70 were considered to be significantly greater than the Thermoplasma ratios (P 0.002). The high cutoff level was chosen to avoid false positives.
False-Positive Rates for the Substitution Ratio Test
We performed two simulation studies to estimate the rate of false positives associated with the rate ratio cutoff used to identify putative transfer events. An intein tree, under the assumption of vertical inheritance only, was derived from the extein tree by dividing the branch lengths in the extein tree by 0.3145. This value was obtained from the ratio of the tree lengths within the Thermoplama group between the actual extein and intein trees. For the first simulation, we used the aforementioned trees and simulated 10,000 sequence sets for the intein and extein tree using Evolver (Yang 2007) . The sequences were simulated under the WAG model, and alpha values were taken from the actual trees, which were 3.01 and 1.37 for the intein and extein, respectively. The substitution ratios were calculated. Extein distances less than 0.5 were excluded, and the number of ratios above 0.7 was counted as false positives.
We also estimated the false-positive rates incorporating the uncertainty in determining the rate ratio. This was done by randomly sampling 1,000 rate ratios from a folded normal distribution with mean 0.3145 and standard deviation of 0.1343 (the SEM for the determined rate ratio). The sampled ratios were used to generate new intein trees. The simulated intein and extein trees were evaluated as described earlier.
Maximum Parsimony ASR
A parsimony ASR and MLASR were both performed to determine where among the vma-1 protein family the inteins gained. The presence/absence patterns of the inteins were converted to a binary form, and the maximum parsimony ASR was calculated using the ordered model and the MLASR was calculated under the MK1 model (Lewis 2001) . Both reconstructions were implemented in Mesquite (Maddison WP and Maddison DR 2011) .
Supplementary Material
Supplementary table S1, figures S1-S8, and files are available at Molecular Biology and Evolution online (http://www.mbe. oxfordjournals.org/).
